Background/Objectives: In a comparison of women worldwide, Iranian women were found to have the highest prevalence of the metabolic syndrome. Furthermore, specific characteristics of diet in Middle-Eastern countries might provide additional information on the diet-disease relations. This study was performed to assess the association between dietary energy density and prevalence of the metabolic syndrome among Iranian women. Subjects/Methods: Usual dietary intakes were assessed in a cross-sectional study of 486 Iranian adult women by the use of a food frequency questionnaire. Dietary energy density was calculated as each individual's reported daily energy intake (kcal/d) into total weight of foods (excluding beverages) consumed (g/d). Anthropometric measures, fasting plasma glucose, serum lipid profiles and blood pressure were evaluated. The metabolic syndrome was defined according to Adult Treatment Panel III guidelines. Results: Mean dietary energy density was 1.77±0.35 kcal/g. Individuals in the top tertile of dietary energy density had 80% (odds ratio: 1.80; 95% confidence interval: 1.17, 3.15) greater odds of having the metabolic syndrome. Even after further adjustment for body mass index, this association remained significant. Higher dietary energy density was also significantly associated with greater odds of having abdominal adiposity (4.23; 2.51, 7.18), high-serum triacylglycerol concentrations (3.55; 2.31, 5.93) and low-serum high-density lipoprotein cholesterol levels (1.80; 1.13, 2.84). No overall significant associations were found between higher dietary energy density and risk of having elevated blood pressure or abnormal glucose homeostasis. Conclusions: Higher dietary energy density was significantly associated with a greater risk of the metabolic syndrome and most of its components. Further studies are required to focus on lowering dietary energy density as a probable strategy for preventing metabolic syndrome.
Introduction
The metabolic syndrome is a collection of risk factors that increases the risk for coronary heart disease and diabetes (Wilson et al., 2005; Sundstrom et al., 2006) . Although the pathophysiology of the syndrome is relatively unknown, strong evidence has introduced insulin resistance as a major role-player in its metabolic hallmarks (Reaven, 2002) . Great controversy also exists on the definition of the syndrome (Lawlor et al., 2006) . All-cause mortality rates are higher among those with the syndrome than those without (Wang et al., 2007; Kajimoto et al., 2008) . Estimates of the prevalence of metabolic syndrome vary according to the definitions used, but the majority of available publications demonstrate the high prevalence of the syndrome, in both developed and developing countries (Kolovou et al., 2007) . Recent national data from Iran suggest that about 35% of adult populations are affected (Delavari et al., 2009) . In a comparison of women worldwide, Iranian women were found to have the highest prevalence (Cameron et al., 2004) .
One factor that significantly contributes to the high prevalence of the metabolic syndrome is obesity; its global epidemic has encouraged investigators to study major dietary factors determining positive energy balance. Besides total energy intake, dietary energy density (kcal/g) defined as the amount of energy in a given weight of food has received considerable attention in recent years as one of the main determinants of alarming obesity trends (WHO/FAO, 2003) . Although some studies have failed to find any significant association between consumption of energy-dense diets and obesity (De Castro, 2004; Iqbal et al., 2006; Du et al., 2009) , others have reported a significant positive association (Howarth et al., 2006; Ledikwe et al., 2006a Ledikwe et al., , 2007 Mendoza et al., 2007; Bes-Rastrollo et al., 2008; Savage et al., 2008) . Such significant findings have also been confirmed by clinical trials, where reduction in dietary energy density has been resulted in significant weight loss (Ello-Martin et al., 2007) . Dietary energy density has also been related in the literature to the risk of type 2 diabetes (Wang et al., 2008) .
Despite the great impact of diet on the metabolic syndrome (Riccardi and Rivellese, 2000) , limited data are available relating dietary energy density to this syndrome. Energy-dense diets have been reported to contain higher amounts of fat, refined grains and added sugars, while lower amounts of fruits and vegetables, whole-grains and dietary fiber (Kant and Graubard, 2005; Ledikwe et al., 2006b) ; such dietary intakes have been related to the high prevalence of the metabolic syndrome and its components in earlier studies (Srinivasan et al., 2006; Radhika et al., 2009; Malik et al., 2010) . Furthermore, we are aware of just one report that evaluated dietary energy density in relation to the metabolic syndrome; where Mendoza et al. (2007) , using cross-sectional data from 1-day 24-h dietary recall in NHANES 1999-2002, found an independent positive association between dietary energy density and the metabolic syndrome among US adults. One-day dietary recall cannot reflect participants' usual dietary intakes (Willett, 1998) . To better understand the diet-disease relations, the use of food frequency questionnaire (FFQ) has been recommended because FFQ assesses long-term dietary intakes and would better reflect usual dietary intakes than dietary recall (Willett, 1998) . In addition, most available publications on the diet-disease relations came from western studies and limited data are available in other countries, particularly Middle-Eastern countries. Specific characteristics of diet in Middle-Eastern countries (Esmaillzadeh and Azadbakht, 2008) might provide additional information on the association between dietary energy density and metabolic syndrome. This study was, therefore, performed to assess the association between dietary energy density and prevalence of the metabolic syndrome among Iranian women.
Subjects and methods

Participants
This cross-sectional study has been done within the framework of a project looking at major dietary patterns among a representative sample of Tehrani female teachers aged 40-60 years and the association of these dietary patterns with the metabolic syndrome and inflammation (Esmaillzadeh et al., 2007) . By the use of a multistage random cluster sampling method, a sample of 521 out of 583 invited female teachers from four socioeconomically diverse districts of Tehran (response rate: 89%) agreed to participate in the study. Owing to possible changes in the diet, we excluded women with a prior history of chronic diseases. Women who had left 470 items blank out of 168 items on the FFQ, who reported a total energy intake of o800 or 44200 kcal and those taking antihypertensive, lipid lowering or antidiabetic medications were also excluded from the current analysis. This left 486 women for the present study. The whole project was approved by the ethical committee of National Nutrition and Food Technology Research Institute, Shaheed Beheshti University of Medical Sciences and a informed written consent was obtained from each participant.
Assessment of dietary intake
As described previously (Esmaillzadeh and Azadbakht, 2008) , a validated semi-quantitative FFQ was used for the assessment of usual dietary intakes. Participants were asked by a trained dietitian about the frequency of dietary intake of a given serving of 168 food items in a preceding year on a daily, weekly or monthly basis. The reported intakes were then converted to grams per day using standard published guidelines. Total energy intake was calculated by summing up energy intakes from all foods.
Total weight of foods consumed by participants was calculated by summing up the weight of foods only (154 out of 168 food items in the FFQ). We did not consider weight of drinks consumed because findings from available publications supporting the effect of dietary energy density on body weight is based on changes in weight of food intake, not drinks . Johnson et al. (2009) in a recent systematic review have also concluded that focusing on weight of food consumed reduces the variability in the results and facilitates data interpretation. To calculate dietary energy density, we divided each individual's reported daily energy intake (kcal/d) into total weight of foods consumed (g/d).
Assessment of other variables
Anthropometric variables including weight, height and waist circumference were measured according to standard guidelines. Body mass index (BMI) was calculated. A fasting blood sample was taken for measuring plasma glucose levels and serum lipid profiles. Fasting plasma glucose was measured on the day of blood collection by enzymatic colorimetric method using glucose oxidase (Pars Azmoon Inc., Tehran, Iran). Serum triacylglycerol concentrations were assayed using triacylglycerol kits (Pars Azmoon Inc.) by enzymatic colorimetric tests with glycerol phosphate oxidase. Serum HDL-C (high-density lipoprotein cholesterol) was measured after precipitation of the apolipoprotein B containing Energy density and metabolic syndrome A Esmaillzadeh and L Azadbakht lipoproteins with phosphotungistic acid. The inter-and intra-assay coefficient of variation of this method were o10%. Blood pressure was measured three times after the participants sat for 15 min, as reported earlier. We used the International Physical Activity Questionnaire for obtaining data on physical activity (Craig et al., 2003) . Using standard guidelines (Ainsworth et al., 2000) , these data were expressed as metabolic equivalent hours per week (MET-h/week). Additional information regarding age, smoking habits, socioeconomic status, medical history and current use of medications was obtained using questionnaires. (1) abdominal adiposity (waist circumference 488 cm); (2) low-serum HDL-C (o50 mg/dl); (3) high-serum triacylglycerol levels (X150 mg/dl); (4) elevated blood pressure (X130/85 mm Hg); (5) abnormal glucose homeostasis (fasting plasma glucose levelX110 mg/dl).
Definition of terms
Statistical methods
We treated dietary energy density both as an unadjusted and an energy-adjusted variable in all analyses. The residual method (Willett, 1998) was applied to obtain energyadjusted amounts of dietary energy density. Participants were categorized based on tertiles of dietary energy density. To compare general characteristics across tertiles, analysis of variance and w 2 tests were used for continuous and categorical variables, respectively. Analysis of covariance was used for comparing dietary intakes across tertiles of dietary energy density with age and total energy intake as covariates. Logistic regression models were used to examine the associations between dietary energy density, metabolic syndrome and its components. Several statistical models were constructed in these analyses: first, the crude associations were adjusted for age (years); the second model was further adjusted for known potential confounders including cigarette smoking (yes or no), physical activity (MET-h/ week), socioeconomic status (categorical), current estrogen use (yes or no), menopausal status (yes or no) and family history of diabetes and stroke (yes or no). Finally, we adjusted for BMI in the final model to explore for the effect of obesity in this association. The logistic regressions were first constructed for the whole population with dietary energy density as a continuous variable and metabolic syndrome as a dichotomous one. Then the associations were examined across tertiles of dietary energy density with first tertile as a reference. Mantel-Haenszel extension w 2 test was used to examine the overall trend of odds ratios across tertiles of dietary energy density. Using cut-points for defining the predictor and outcomes involves some loss of information; therefore, the relationships between dietary energy density and metabolic risks were also examined by the use of linear regression models where both sides (predictor and outcome variables) were treated as continuous variables. Adjustments made in these models were the same as above. Statistical Package for Social Science (SPSS Inc., Chicago, IL, USA, Version 10.0) was used for all statistical analyses.
Results
Mean energy-adjusted dietary energy density was 1.77±0.35 kcal/g. Characteristics of the study participants across tertiles of dietary energy density are provided in Table 1 . Compared to those in the lowest tertile, women in the top tertile had higher BMI and waist-to-hip ratio, were younger, less physically active, more likely to be obese and less likely to be postmenopausal. No significant difference was seen in the distribution of current smokers and those with family history of diabetes and stroke across tertiles of dietary energy density. Women in the second tertile were less likely to be current estrogen users as compared with those in the lowest tertile. The prevalence of the metabolic syndrome was significantly higher (38 vs 23%, Po0.01) among those in the highest tertile as compared with those in the lowest. This was also the case for some components of the metabolic syndrome like abdominal adiposity (81 vs 48%, Po0.01), high-serum triacylglycerol levels (76 vs 45%, Po0.01) and low-serum HDL-C levels (51 vs 35%, Po0.01).
Dietary intakes of women across tertiles of energy density are presented in Table 2 . Those in the top tertile of dietary energy density had higher intakes of energy and cholesterol and lower intake of dietary fiber, were getting more of their energy from fat and less from carbohydrates as compared with those in the lowest tertile. Higher dietary energy density was associated with unhealthy food choices, such that those in the top tertile had higher intakes of vegetable oils and high-fat dairy products and lower intakes of fruits, vegetables and meat and fish. Although dietary intakes of whole-grains were not significantly different across tertiles of energy density, a marginally significant association was seen between dietary energy density and refined-grain intake.
Multivariate-adjusted odds ratios for the metabolic syndrome across tertile categories of dietary energy density are shown in Table 3 . Higher dietary energy density was significantly associated with the metabolic syndrome in the crude model; such that those in the top tertile had 2.09 times greater odds of having the metabolic syndrome as compared with those in the lowest tertile. After controlling for age, this significant association was still evident. Additional control for other potential confounders just slightly attenuated this association. Even after further adjustment for BMI, the association between dietary energy density and the metabolic syndrome remained Energy density and metabolic syndrome A Esmaillzadeh and L Azadbakht significant: those in the top tertile had 54% higher risk of having the metabolic syndrome. Using energy density residuals on total energy instead of the crude energy density variable did not change the results.
After controlling for age, higher dietary energy density was significantly associated with greater odds of having abdominal adiposity (odds ratio in the top tertile vs bottom tertile: 4.39; 95% confidence interval: 2.63, 7.30), high-serum 16 ± 1 1 9 ± 1 1 7 ± 1 1 1 ± 1 0.21
Foods (g/d)
Partially hydrogenated vegetable oils 23±1 1 4 ±1 2 5 ±1 2 9 ±1 o0.01 Non-hydrogenated vegetable oils 22 ± 1 2 0 ± 1 1 9 ± 1 2 6 ± 1 o0.05 Fruits 226 ± 8 269 ± 11 218 ± 9 1 9 0 ± 7 o0.01 Vegetables 208 ± 6 230 ± 7 209 ± 5 1 8 4 ± 5 o0.05 Meat and fish 91±3 9 6 ±4 9 3 ±3 8 6 ±3 o0.05 Whole grains 117±3 119±5 115±3 1 1 3 ±4 0.64 Refined grains 203±6 188±8 202±7 2 1 4 ±7 0.08 Low-fat dairy 94 ± 3 9 9 ± 4 9 2 ± 4 9 1 ± 3 0.24 High-fat dairy 96 ± 3 8 2 ± 4 8 9 ± 3 1 1 3 ± 4 o0.05 a Data are means ± s.e.m. adjusted for age and energy intake. Data for energy intake have just been adjusted for age. b By using linear regression.
Energy density and metabolic syndrome A Esmaillzadeh and L Azadbakht triacylglycerol concentrations (3.69; 2.26, 6.01) and lowserum HDL-C levels (1.88; 1.19, 2.91). Further adjustment for other potential confounders had little impact on the mentioned associations. Additional control for BMI slightly attenuated the associations but all were still significant. No overall significant associations were found between higher dietary energy density and risk of having elevated blood pressure or abnormal glucose homeostasis, either before or after adjustment for confounders (Table 4) . Findings from multivariate linear regression models showed that after control for all potential confounders including BMI, high-dietary energy density was independently associated with enlarged waist circumference (b ¼ 0.41 (95% confidence interval: 0.22, 0.60), Po0.05), elevated triglyceride concentrations (b ¼ 0.29 (0.08, 0.49), Po0.05) and low-serum HDL-C levels (b ¼ À0.18 (À0.05, À0.31), Po0.05).
Discussion
Our cross-sectional findings in the current study indicate a positive significant association between dietary energy density and risk of having the metabolic syndrome and its components even after adjustment for known potential confounders. To our knowledge, this study is the second that investigates the association between dietary energy density and the metabolic syndrome and the first that examines this association in a non-western population based on dietary data from FFQ.
This study has several strengths. First, a broad range of dietary intakes from different socioeconomic categories have been covered in the current study because participants were selected from four large socioeconomically diverse districts of Tehran. Second, data on important confounders between dietary energy density and the metabolic syndrome were available. Third, smoking as one of the main confounders is less prevalent among women in the current study. This would result in reduced residual confounding from this important variable. Fourth, a validated FFQ has been used for collecting dietary data. Although FFQ has been blamed for less accuracy in assessing dietary intakes over other dietary assessment tools, it would reflect usual long-term dietary intakes better than others. However, some degree of measurement error in the assessment of dietary energy density by a FFQ is inevitable as is in all dietary assessment methods.
Although dietary energy density has recently been given considerable attention in nutritional epidemiology, its calculation is still controversial. Thirteen different methods have been used for calculating dietary energy density in the literature; their major difference is in the inclusion or exclusion of drinks in the calculations. A recent systematic review by Johnson et al. (2009) concluded that studies of energy density should be based on foods only, not on foods and drinks. Available cross-sectional or prospective studies demonstrating the impact of dietary energy density on body weight or weight gain are based on energy density of foods, not drinks (Ledikwe et al., 2006a Mendoza et al., 2007) . Therefore, we considered dietary energy density of foods only in the present study because including drinks creates a variable that will bias associations towards the null (Johnson et al., 2009) . Comparing mean dietary energy density in the current study with that in other investigations using similar method demonstrates that the average dietary energy density of Iranian women is a little bit higher than that in other studies.
We found that consumption of energy-dense diets is associated with greater risk of the metabolic syndrome even after adjustment for confounders. This finding is in line with the results of a cross-sectional study among American adults, where Mendoza et al. (2007) have demonstrated that higher dietary energy density is significantly associated with the higher risk of the metabolic syndrome. In the current study dietary data from a validated FFQ was used; however, the By the use of Mantel-Haenszel extension w 2 test. b Metabolic syndrome was defined as the presence of three or more of the following components: (1) abdominal adiposity (waist circumference488 cm); (2) low-serum HDL-C (o50 mg/dl); (3) high-serum triacylglycerol levels (X150 mg/dl); (4) elevated blood pressure (X130/85 mm Hg); (5) 
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A Esmaillzadeh and L Azadbakht findings were similar to that of Mendoza et al. (2007) in spite of the use of data from 1-day 24-h dietary recall in their study. Well-known researchers have suggested the use of FFQ as a dietary assessment tool to find diet-disease relations in epidemiologic studies (Willett, 1998) . Unlike 1-day 24-h dietary recall, dietary data from FFQ reflects individual's long-term usual dietary intakes (Willett, 1998) . Therefore, our study strongly confirms the findings of Mendoza et al. (2007) that dietary energy density is cross-sectionally associated with the metabolic syndrome, even if long-term usual dietary intakes could not be taken into account. This is not the story in other studies. Among young Japanese women, the investigators did not consider the whole picture of the metabolic syndrome and just studied individual features of the syndrome (Murakami et al., 2007) . Despite a positive association with obesity, these investigators failed to find a significant relationship between dietary energy density and metabolic risk factors (Murakami et al., 2007) . It must be kept in mind that Japanese participants were lean young women. Such characteristics of participants might explain the difference in findings. Although no further studies have assessed the relationship between dietary energy density and the metabolic syndrome, some considered incident diabetes as an outcome in their research and have found a positive significant association between these two (Wang et al., 2008) . Therefore, it seems that besides body weight, dietary energy density has a significant relationship with metabolic risk factors associated with obesity. As the metabolic syndrome is a major public health problem in both developed and developing countries, consumption of low-energy-dense diets might be an appropriate strategy to curb the epidemic of obesity and associated cardiometabolic abnormalities. The mechanisms by which higher dietary energy density affects metabolic abnormalities are unknown. Higher Energy density and metabolic syndrome A Esmaillzadeh and L Azadbakht content of refined grains and added sugars of high-energydense diets may contribute to the development of insulin resistance which is a basic abnormality of the metabolic syndrome (Radhika et al., 2009; Malik et al., 2010) . Furthermore, high consumption of saturated and trans-fatty acids in energy-dense diets might explain their effects on insulin resistance and metabolic syndrome (Kien, 2009) . Lower intakes of fruits and vegetables and also wholegrains in these diets might offer some additional reasons (Esmaillzadeh et al., 2006) . It has earlier been shown that consumption of energy-dense diets is associated with excess energy intake (Ello-Martin et al., 2005; Ledikwe et al., 2006a) which in turn would result in overweight and obesity and their co-morbidities.
Our study has some limitations. The major one is its crosssectional nature, which precludes us inferring causal associations. Thus, the association needs to be confirmed in prospective studies. As we used a FFQ for assessing dietary intakes, misclassification is another concern in our study as in any other epidemiologic studies. Furthermore, the FFQ covered the most commonly consumed foods. Thus, foods not in the questionnaire were not included in the calculation of energy density. This study includes only women. Therefore, the findings are not generalizable to the whole Iranian population. Although the study sample has been selected from socioeconomically diverse districts of Tehran, they were all urban, well-educated teachers. Therefore, a narrow range of socioeconomic status, that might not cover a broad range of dietary intakes, has been assessed in the study. In addition, the uniform educational and occupational background of women limits the generalizability of our findings.
In conclusion, our findings suggest that higher dietary energy density was associated with a greater risk of having the metabolic syndrome among Iranian women. This finding supports the recommendation to increase intake of fruits and vegetables and decrease intake of fat. Further studies are required to examine the causal relationship between dietary energy density and metabolic syndrome.
